Old pulp industry waste contaminated by metals is present in coastal sediments. Levels of some metals are harmful (exceed thresholds) in sediment and bottom water. Pore/bottom water levels of metals do not visibly reflect sediment levels. Geochemical conditions in the sediment, e.g. hypoxia, is likely to affect sorption. Dissolved metal levels in bottom water did not increase after sediment resuspension. a r t i c l e i n f o 
Introduction
The manufacture of pulp and paper is dominated by countries in North America, Northern Europe and East Asia, although Australia and Latin America also have significant industries (Suhr et al., 2015) . Sweden is the single largest pulp producer in Europe (Suhr et al., 2015) and was ranked the fourth largest chemical pulp producer in the world in 2017 after the United States, Brazil and Canada (FAO, 2018) . The manufacture of paper and related products increased substantially during the 20th century, which led to large discharges of process wastewaters directly into lakes, rivers and the sea. It has been estimated that past pulp manufacturing in Sweden, until more stringent regulations in 1969, incurred a 10% net loss of cellulose fibers (SFS 1969:387; Norrstr€ om, 2015) that were suspended in wastewaters. It is likely that similar losses and discharges occurred in other pulp and paper producing countries that used the same manufacturing methods.
Fibrous residues and wood chips deposited close to the outer end of wastewater pipes or remained in suspension until settling in deeper sediment accumulation zones. Two types of fibrous sediments are distinguished: "Fiberbank" describes a relatively thick sediment deposit that consists mainly of fibrous residues and wood chips with a smaller amount of natural existing clays, often close to the pulp and paper mills. "Fiber-rich sediment" is a thinner layer of fibrous residues mixed with naturally existing clays. The term "fibrous sediment" includes both fiberbanks and fiber-rich sediments. The surficial distinction between the two sub-types has been set according to hydroacoustic data combined with sampling according to the method described in Apler et al. (2014) . The hydroacoustic signature of a fiberbank is typically a scattered, nonpenetrating signal due to high gas content. Known fiberbanks are depleted in dissolved oxygen (DO) due to mineralization of their characteristically high content of organic matter (typically cellulose) and hypoxic conditions cause the formation of "dead zones" (Diaz and Rosenberg, 2008) where benthic macrofauna cannot survive. Fiberbanks are often located in shallow waters and there is therefore a risk of contaminant dispersal due to resuspension. In fiber-rich sediment there is a more thriving benthic community, which can take up contaminants by direct contact with polluted sediments. Many different contaminants have been found in the fibrous sediment, such as chemicals used in the processing of pulp (e.g. mercury (Hg)) and process by-products (e.g. polychlorinated dibenzo-p-dioxins and dibenzofurans).
Little is known about this type of industrially derived sediment and the fate of its contaminants. The Geological Survey of Sweden (SGU) investigated the size, distribution and chemical composition of selected sites (a total of~212 km 2 ) of the Swedish seafloor expected to be affected by old discharges from factories, and 28 sites with fibrous sediment were found (including 45 fiberbanks), estimated to cover a total of approximately 29 km 2 in the selected sites (Apler et al., 2014; Norrlin et al., 2016; Larsson et al., 2017) . Of this total, 2.6 km 2 is estimated to be fiberbanks.
Several metal contaminants are present in fibrous sediments. Hg was widely used in three manufacturing processes: as a catalyst in the chlor-alkali process that produces chlorine gas (Lindqvist et al., 1991; UNEP, 2013; Wiederhold et al., 2015) , as a slimicide to prevent fouling in process tubes (Lindqvist et al., 1991; Wiederhold et al., 2015) and to protect pulp fibers from microbial degradation (Skyllberg et al., 2007) . Other metals than Hg were not intentionally used, but wastewaters from pulp and paper mills contain various metals and metalloids, such as lead (Pb), cadmium (Cd), chromium (Cr), copper (Cu), nickel (Ni) and zinc (Zn) (Monte et al., 2009) . Kraft pulp residue sludges, (e.g. so-called green liquor sludge), contain different amounts of metals such as barium (Ba), Cr, Cd, Cu, Pb, Ni and Zn (Monte et al., 2009; Suhr et al., 2015; Svrcek and Smith, 2003) . Metals such as iron (Fe), Cu, Zn and (the metalloid) arsenic (As) were released to aquatic systems through so-called pyrite ash (FeS), a by-product of the outdated sulfite cooking process (Nordb€ ack et al., 2004) . Additionally, Zn, Ni, and cobalt (Co) have been detected in low concentrations in pyrite ash (Nordb€ ack et al., 2004; Tugrul et al., 2003) .
The speciation of metals in sediment determines their mobility and bioavailability in aquatic systems. In this context, fibrous sediments are of environmental concern because they contain a larger proportion of organic material than typical natural marine sediments. Our aim was to quantify the distribution of nine relevant metals in sediment, pore water and bottom water. We studied two fibrous sediment sites in the vicinity of Kramfors, Sweden, examined the effect of resuspension on metal mobility in-situ, and compared the data with reference sites known to be less affected by point sources of fibrous sediment.
Materials and methods

Study sites
Ångerman€ alven river estuary
The study sites are located in the brackish fjord-like Ånger-man€ alven river estuary ( Fig. 1A and B) . This non-tidal estuary extends approximately 50 km inland from the Bothnian Sea, a subbasin of the Baltic Sea. The fresh water of the Ångerman€ alven river is positioned over brackish waters that enter from the Bothnian Sea (Cato, 1998) . A sill, which rises to~10 m depth, divides the estuary into two. The area between the sill and the river delta constitutes the inner, fjord-like part of the water body with a basin depth of 100 m where the sampled sites are located. Several pulp and paper industries were located along the sides of the Ånger-man€ alven river estuary during the 19th and 20th centuries and generated several fiberbanks (Apler et al., 2014) .
Two fibrous sediment sites (V€ aja and Sandviken) and a reference site (M0062) were sampled (a total of 10 stations; Table A .1, Fig. 1C and D). These two sites were characterized by SGU (Apler et al., 2014) and chosen as pilots due to contrasting geomorphological locations and types of organic matter.
V€ aja
A fiberbank (sampled stations FBV1 and FBV2) is located outside an active mill (Fig. 1C ) that manufactures unbleached kraft pulp and today has no or very low discharges of solids. The fiberbank surface is situated at a water depth of around 15 m and is estimated to cover 70 000 m 2 . It consists mainly of cellulose fibers and patchy occurring wooden splinters down to a sediment depth of at least 6 m (Apler et al., 2014) . The fiberbank was anoxic at the sediment surface and down to the maximum level recovered during sampling (6 m). The fiber-rich sediment at this study site (sampled stations FRV1, FRV2 and FRV11) covers an estimated area of 800 000 m 2 and consists of reduced (hypoxic, i.e. deficient in DO)
clays with high fiber content and some wooden debris on top of postglacial clays (Apler et al., 2014) . The station FRV11 was originally placed in presumed fiberbank material, based on a map generated in a previous, less detailed study, but it was re-classified as fiber-rich sediment because the measured TOC concentration is more similar to the TOC concentration at the other fiber-rich stations than at the fiberbank stations.
Sandviken
A fiberbank (sampled stations FBS1, FBS2 and FBS3) is located at a water depth of around 12 m outside an old kraft pulp mill (Fig. 1D) . The mill was demolished in 1979 and the fiberbank is located just offshore an old wooden quay, covering an estimated area of 55 000 m 2 . It is hypoxic and consists of wooden splinters and chips down to a sediment depth of around 6 m, although this fiberbank is concealed by a~10 cm layer of recently deposited laminated clay. The fiber-rich sediments associated with this site cover an estimated area of 500 000 m 2 and consist of reduced (hypoxic) postglacial clays mixed with fiber and wooden debris (Apler et al., 2014) . The sample taken in what was presumed to be fiber-rich sediment (SedS) was re-classified to postglacial clay due to the sediment's similarities to the reference station (M0062), which was not classified as fiber-impacted.
Reference sites
The reference station (M0062) is located at a water depth of around 70 m in the river basin east of Sandviken (Fig. 1D) . The surface sediment consists of postglacial clay with a minor organic component and is today considered relatively unaffected by the pulp emissions from the adjacent mills upstream. The reference station is equivalent to the International Ocean Discovery Program (IODP) site M0062 (Andr en et al., 2013; Hyttinen et al., 2017) . In addition, average metal concentrations (n ¼ 7) from a monitored offshore station (SE-2) are also available for comparison (Fig. 1A) . The sediment at station SE-2 consists of postglacial clay similar to SedS and M0062.
Sampling and hydrographic conditions
Sampling was conducted in August 2015 onboard the SGU survey vessel (S/V) Ocean Surveyor. Prior to sampling at each station, a frame with an attached underwater camera, a conductivitytemperature-depth (CTD)-sensor and a DO sensor was deployed. Salinity and temperature were measured continuously with the The fiberbank in V€ aja, where the outlines of the fiberbank and fiber-rich sediments were determined by the Geological Survey of Sweden (Apler et al., 2014) . The sediment at station FRV11, sampled inside the fiberbank delineation, has been reclassified to fiber-rich sediment. (D) The Sandviken fiberbank is located outside an old quay where a kraft pulp mill operated until 1979. The outlines of the fiberbanks and fiber-rich sediments were determined by the Geological Survey of Sweden (Apler et al., 2014) . The sediment at station SedS consists of postglacial clay rather than fiber-rich sediment as indicated by SGU.
CTD-sensor from the water surface to the bottom of the water column whereas DO concentrations were measured about 10 cm above the sediment surface. The surface water showed fresh water conditions with a salinity of 0 psm and a temperature of about 16 C. The temperature dropped below the pycnocline (located at around 12 m water depth in the study site) and reached 4 C at the bottom, whereas salinity increased and stayed at a value of~5 psm. Levels of DO in the bottom waters at the different sites varied from~2 mL L
À1
at the deeper sites to~6 mL L À1 in bottom waters overlying the shallower fiberbanks in V€ aja and Sandviken (Table A1) .
2.2.1. Sediment and pore water sampling Stations FRV1, FRV2, SedS and M0062 were sampled using a GEMAX corer (described by Niemist€ o, 1974) . The surface sediments (0e4 cm) were stored in plastic jars at À18 C until metal analyses. Sediments for pore water extraction were stored between 4 C and 8 C in plastic bags for two weeks until extraction.
Bulk samples (0e30 cm) of the V€ aja fiberbank (duplicates: FBV1, FBV2) and the fiber-rich station FRV11 were collected with a box corer (L 30 Â W 30 Â H 50 cm). An Orange Peel Bucket (OPB) was used to sampled the Sandviken fiberbank because of its rough texture (triplicates: FBS1, FBS2 and FBS3). Bulk samples were taken from the OPB which has a sampling depth range between 0 and 40 cm.
Pore water was extracted from the sediment by centrifugation. Samples were poured into plastic Falcon tubes (pre-cleaned with 5% HNO 3 and millipore water (MilliPak ® 0.22 mm filter)) and centrifuged for 15 min at 2500 relative centrifugal force (rcf; Eppendorf centrifuge 5810). The obtained pore water was withdrawn using plastic syringes and filtered through 0.45 mm Acrodisc syringe filters with Supor membrane (Pall Life Sciences) into plastic flasks, which were frozen (À18 C) until metal analysis. Two laboratory blanks with millipore water were included in the analyses.
Bottom water sampling
Bottom water sampling was conducted at one station at each fiberbank and fiber-rich sediment area, respectively, and at the reference station (M0062) (Table A.1) using a Ruttner water sampler mounted on the camera cage. Bottom water was collected in two ways: (i) with the sediment surface undisturbed and (ii) with sediment surface particles re-suspended. In (i) the cage was lowered to the seafloor and the Ruttner sampler was remotely triggered to collect water about 30 cm above it. In (ii) the cage was lowered more rapidly with a weight suspended underneath to resuspend sediments. Samples for total metals, dissolved metals, total organic carbon and dissolved organic carbon were collected in plastic bottles (60 mL for metals and 100 mL for organic carbon) provided by the analytical laboratory (ALS Scandinavia AB). For dissolved metals, the water was filtered immediately after sampling using 0.45 mm Acrodisc syringe filter with supor membrane (Pall Life Sciences) and samples were stored in a freezer at À18 C until sent for analysis. 1 L water was additionally sampled for determination of suspended particulate matter (SPM). This water was filtered through 0.7 mm glass fiber filters (GF/F, Whatman) which were then stored at À18 C.
Analyses of metals, organic carbon and SPM
Sediment, pore water and bottom water were analyzed for As, Cd, Co, Cr, Cu, Hg, Ni, Pb, and Zn at ALS Scandinavia AB. Sediment samples were extracted using partial microwave assisted digestion with 1/1 HNO 3 /water in closed Teflon vessels and analyzed with inductively coupled plasma e sector field mass spectrometry (ICP-SFMS) in accordance with US EPA 200.8 standard. HNO 3 (12 mL water to 1.2 mL HNO 3 ) was added to pore and bottom water samples in an autoclave, followed by detection using ICP-SFMS in accordance with Swedish standard SS EN ISO 17294-1, 2 and modified EPA 200.8 standard, or inductively coupled plasmadatomic emission spectroscopy (ICP-AES) following the Swedish standard SS EN ISO 11885 and modified EPA 200.7 standard. Hg was analyzed using atomic fluorescence spectrometry (AFS) in accordance with SS EN ISO 17852 standard.
Total organic carbon (TOC) and dissolved organic carbon (DOC) contents of water samples were measured at ALS Czech Republic by IR detection based on CSN EN 1484, SCN EN 16192 and SM 5310. Sediment TOC was determined at the Swedish University of Agricultural Sciences (laboratory of the Department of Soil and Environment) by elemental analysis using a TruMac Series Macro Determinator. Air dried (40 C) sediment (0.5e2 g) was combusted at a temperature of 1350 C to analyze total carbon. To differentiate between inorganic (carbonates) and organic carbon a sample was first combusted at 550 C to remove the organic fraction. Quantification was done according to Swedish standard SS-ISO 13878.
SPM was determined with a gravimetrical method based on the Swedish Standard SS-EN 872. Water samples (~1 L) were filtered through glass fiber filters (Whatman GF/F, 0.7 mm) that were prerinsed with ultra-pure water, dried at 105 C overnight, cooled in a desiccator and weighed. After filtering, the filters were dried at 105 C, cooled in a desiccator, and weighed. To correct for weight loss, blank filters (filters rinsed with the corresponding amounts of millipore water) were used.
Data evaluation and quality assurance
Analytical uncertainty for the metal analyses in sediment and water is expressed as an expanded uncertainty calculated by the analytical laboratory with a coverage factor of 2, thus giving a confidence interval of 95% (Table A. 2). In the blank samples for pore water analysis all metal concentrations were below the limit of quantification (LOQ).
Partition coefficients (K D ) are used to evaluate partitioning of metals between the sediment and the sediment pore water, thus providing a measurement on the sorption and relative availability of dissolved metals in contact with the sediment. They were calculated as follows: Community, 2000) applicable for river, lake, transitional and coastal waters. The ecological status is a joint assessment of different conditions such as water chemistry, biology and physical parameters that affect a waterbody. In this study, the relevant Swedish chemical assessment criteria for the classification of ecological status have been used to compare bottom water concentrations of As, Cu, Cr, and Zn (HVMFS 2013:19) , i.e., no full classification of ecological status has been performed. The water concentration thresholds apply for dissolved concentrations.
Results and discussion
Metal and TOC concentrations in sediment
V€ aja fiberbank material contains elevated levels of Cd (class 4, large deviation from national background), while the Sandviken fiberbank contains elevated levels of Cd, Cr, Hg and Pb, with concentrations in the classes "large" to "very large" deviation from the national background (Tables 1ae1c). Concentrations of Cd in the V€ aja fiberbank and fiber-rich sediments are 2e5 times higher than the offshore reference sediment (SE-2). In the Sandviken fiberbank, however, the concentrations of Cd, Cr, Cu, Hg and Pb are up to 26 times higher than at SE-2. At FBS2 the level of Cd exceeds the national ecotoxicological threshold value of 2300 mg kg À1 DW and at FBS1 the Pb concentrations exceeds its corresponding threshold of 120 000 mg kg À1 DW. In general, the fiber-rich sediments in V€ aja are more enriched in metals than the postglacial clay at Sandviken (SedS) and the reference station M0062, where the latter two sites contain concentrations similar to the national background.
Concentrations of As, Co and Ni are highest at the offshore monitored station, exemplified by an As concentration of 93 000 mg kg À1 at SE-2. One reason for this high value at the monitored site can be the relatively high levels of As in the sediments of the Bothnian Bay, which are transported southwards by a coastal current (Lepp€ aranta and Myrberg, 2009) although it is also possible that enrichment of As in the offshore surface sediment is due to upward migration from reduced sediments and coprecipitation or adsorption in the oxygenated surface layer (Farmer, 1991; Ingri et al., 2014) .
The concentrations of Cu and Zn are higher in the fiberbanks, compared to fiber-rich sediments and postglacial clay. The concentrations of Zn are highest in the V€ aja fiberbank, but the difference between stations is only a factor of 2 (range 88300e189000 mg kg À1 ). Similarly, the concentration of Cu is highest at the Sandviken fiberbank, with a factor of 3 difference between stations (17900e54400 mg kg À1 ). Overall, Cd, Cr, Hg and Pb are metals with elevated concentrations in fiberbanks, and Table 1a Metal and sulfur concentrations in sediment (C sed ; mg kg À1 DW for metals and mg kg À1 DW for S), pore water (C pw ) and bottom water (C bw ; mg L À1 for metals and mg L À1 for S) from the V€ aja site. Sediment TOC concentrations are in % of DW, whereas TOC and DOC concentrations in water, and SPM concentrations, are in mg L
À1
. For the bottom water, Tot denotes total concentrations (particle bound and dissolved) and Dis denotes dissolved concentrations; and undist. marks undisturbed samples whereas dist. marks disturbed samples (with re-suspended sediment). Concentrations expressed as < are below the limit of quantification (LOQ). Color classification for C sed is according to the Swedish EPA environmental assessment criteria (Swedish EPA, 1999) , i.e. Class 1 (no deviation from background) is blue, Class 2 (little deviation from background) green, Class 3 (moderate deviation from background) yellow, Class 4 (large deviation from background) orange and class 5 (very large deviation from background) red. Uncertainty data are provided in Appendix, Table A2 .
Sandviken is the most contaminated of these two sites. Given the reduced conditions in the fiberbanks and the relatively high concentrations of Hg in some samples, substantial formation of methyl mercury cannot be ruled out.
Concentrations of TOC in the fiberbanks varies between stations: 8.8 and 15% of DW in V€ aja and 8.7e26% of DW in Sandviken (Tables 1ae1c). These levels are notably higher than measured concentrations in the postglacial clays at SedS (1.9% of DW) and the reference station M0062 (2.3% of DW) where TOC levels are similar to the offshore reference sediment (2.9% of DW). The concentrations in the V€ aja fiber-rich sediment are 4.4, 5.3 and 3.2% of DW, which are higher than in the postglacial clay.
Pore water concentrations and metal sorption to sediment
Dissolved Hg and Cd were not quantifiable in any of the pore water samples, which probably reflects the low sediment concentrations. Co, Cr, and Ni were quantifiable in the V€ aja fiberbank whereas As, Cu, Pb and Zn, regardless of their solid phase sediment concentrations, were below the LOQ. Pore water from the V€ aja fiber-rich sediments contained Co and Ni at FRV1, Co, Ni and Zn at FRV11, and Co, Ni, Zn, As, Cu and Pb at FRV2. Pore water samples from Sandviken fiberbank and the nearby postglacial clay contained at least 5 of the 9 targeted metals. The three triplicates (combined) in the Sandviken fiberbank and station SedS contain all analyzed metals except Cd and Hg. The sediment at the reference station (M0062) contains metals in concentrations that are similar . For the bottom water, Tot denotes total concentrations (particle bound and dissolved) and Dis denotes dissolved concentrations; and undist. marks undisturbed samples whereas dist. marks disturbed samples (with re-suspended sediment). Concentrations expressed as < are below the limit of quantification (LOQ). Color classification for C sed is according to the Swedish EPA environmental assessment criteria (Swedish EPA, 1999) , i.e. Class 1 (no deviation from background) is blue, Class 2 (little deviation from background) green, Class 3 (moderate deviation from background) yellow, Class 4 (large deviation from background) orange and class 5 (very large deviation from background) red.
Table 1c
Metal and sulfur concentrations in sediment (C sed ; mg kg À1 DW for metals and mg kg À1 DW for S), pore water (C pw ) and bottom water (C bw ; mg L À1 for metals and mg L À1 for S) from the reference sites. Sediment TOC concentrations are in % of DW, whereas TOC and DOC concentrations in water, and SPM concentrations, are in mg L
À1
. For the bottom water, Tot denotes total concentrations (particle bound and dissolved) and Dis denotes dissolved concentrations; and undist. marks undisturbed samples whereas dist. marks disturbed samples (with re-suspended sediment). Concentrations expressed as < are below the limit of quantification (LOQ). Color classification for C sed is according to the Swedish EPA environmental assessment criteria (Swedish EPA, 1999) , i.e. Class 1 (no deviation from background) is blue, Class 2 (little deviation from background) green, Class 3 (moderate deviation from background) yellow, Class 4 (large deviation from background) orange and class 5 (very large deviation from background) red.
to the national backgrounds and Co, Cu, Ni, Pb and Zn were quantifiable in the pore water.
Metals form insoluble sulfides under reducing conditions (Chapman et al., 1998; Baird and Cann, 2005; Di Toro et al., 1992.) . The concentrations of dissolved Cd, Cu and Pb have, for example, been shown to decrease below the redoxcline in the Baltic Sea, whereas Co in its more soluble form (Co 2þ ) seems to increase (Borg and Jonsson, 1996; Dyrssen and Kremling, 1990) . Heavy metals, such as Cd, Cu and Pb, can compete with Fe(II) during the formation of acid volatile iron sulfides (AVS) or displace it afterwards (Di Toro et al., 1992; van den Berg et al., 1998) . Hence the presence of AVS can reduce metal concentrations in pore waters, which can explain our observations of low levels or concentrations below LOQ in pore water samples. Co was found in all samples, probably because it is more soluble in reduced conditions. Under anoxia, Hg can combine with S to form the highly insoluble metacinnabar (HgS) (Di Toro et al., 1992) which can also explain the absence of Hg in our pore water samples. Ni, on the other hand, was found in all pore water samples, which may be due to the relatively soluble mineral millerite (NiS) (Di Toro et al., 1992) .
Compared to all the other stations, the relatively low number of metals quantifiable in all but one of the pore water samples from the V€ aja site may be due to the generally lower levels of DOC in the V€ aja samples (except FBV2). Measurements of DOC in the pore water samples show the lowest concentrations at FBV1, FRV11 and FRV2, where the lowest number of dissolved metals were quantifiable. In addition, the sediments at the stations further away from the fiberbanks (FRV2, SedS and M0062) contain less sulfur (S) and TOC (Tables 1ae1c), two factors that control partitioning of metals to water. Organic matter in the solid phase increases the partitioning of metals to the sediment (Santschi et al., 1997; Mahony et al., 1996) and it would be expected that metal partitioning to water increases with a lower TOC sediment content. The sediment at station FBS1 shows the highest sediment TOC level among all studied stations (26% of DW) and higher pore water concentrations of metals (Table 1ae1c ). This result contradicts increased sorption to the sediment with increased TOC content, but on the other hand, the DOC concentration in the pore water from this sediment was high (48 mg L À1 ), indicating the importance of pore water DOC rather than sediment TOC on pore water metal concentrations. Station FBV2, deviates from the other observations with a low number of quantifiable metals in pore water even though the measured DOC concentration in the same sample (148 mg L À1 ) was almost three times higher than FBS3 (58.3 mg L
) and the S concentration is in the same range as the other stations.
Sediment-water distribution coefficients (K D ) for metals are dependent on a number of site-specific factors such as pH, salinity and DO concentration. In this study, K D values for the samples with quantifiable metals in the pore water are shown in Fig. 2 (Allison and Allison, 2005) have also been included, as well as values for As from a study in the Baltic Sea (Fauser et al., 2013) . K D values could be estimated for Co, Cr and Ni in both fiberbanks, and the lowest coefficients of these metals are at Sandviken (Fig. 2) . This result was unexpected because a higher sorption to Sandviken fiberbank sediment was predicted due to the higher TOC content. There is a possibility that the weaker sorption in Sandviken is a result of the difference between the types of organic matter in the two fiberbanks. The V€ aja fiberbank consists of relatively long cellulose pulp fibers whereas the Sandviken fiberbank contains a higher proportion of small wooden splinters and chips (Apler et al., 2014) . How these compositional differences affect metal sorption is not fully understood and needs to be investigated. Lignin, which is removed from the cellulose and released with process water during pulping (Ali and Sreekrishnan, 2001) , is a possible adsorbent for metal ions and organic pollutants, and lignin derived from kraft pulping can potentially adsorb metals over a wide concentration range (Crist et al., 2003; Guo et al., 2008) . The estimated K D values of Co are higher than the average US EPA value in both fiberbanks whereas the values of Cr are lower (Fig. 2) . For Ni, values are fairly similar.
Pb displays high sorption with the highest value (mean of triplicates) in the Sandviken fiberbank. This value is higher than the average value compiled by the US EPA (Fig. 2) . Cu and Zn have relatively high sorption in this fiberbank and also have higher average K D values than corresponding values from US EPA (Fig. 2) . In the V€ aja fiberbank, Cr showed the strongest sorption to the sediment followed by Co and Ni (Cr > Co > Ni). A larger number of metals were detected in Sandviken pore waters but K D values are generally lower than in V€ aja. At the reference station (M0062) the sorption is strongest for Pb, whereas Ni, Cu, Zn and Co have similar magnitude of K D values. Pb sorption to the solid phase is always higher than other metals for all the sites where it was quantifiable, except for SedS where Cr displayed the highest sorption. The metalloid As, on the other hand, tends to have low sorption at the three stations where it was detected in the pore water. However, compared to the average K D value calculated from data from the Baltic Sea obtained by Fauser et al. (2013) , the partition coefficients for As within our study are higher, which is not surprising because many of the sediment samples from Fauser et al. (2013) consist of sandy sediments rather than the organic-rich clays of the present study. It is important to bear in mind that this study is carried out on a sediment type that has, to our knowledge, never been studied in detail before and hence, comparison data are sparse. Further studies need to be carried out in the future to fill the knowledge gap of the sorption capacity of this unique type of sediment.
Bottom water concentrations
Artificial re-suspension of sediment increased the number and concentration of particle bound metals (C tot ) quantifiable in bottom waters (Fig. 3) . On the other hand, re-suspension did not increase TOC concentrations in the bottom water, which are similar between stations. At SedS none of the metals were quantifiable and at M0062 only Ni was present in the disturbed bottom water (note that Pb and Cu were detected in the undisturbed sample at M0062), which can be due to low initial concentrations of metals in the sediments or by a low degree of resuspension. The sediments at these two sites consist of postglacial clay, which is relatively cohesive and can need more force to re-suspend than fibrous sediments: this difference can explain the lower total concentrations of metals and SPM in the disturbed bottom waters (Tables 1ae1c). TOC concentrations in disturbed and undisturbed bottom waters are similar, but SPM concentrations increased in the fiberbanks (FBV1 and FBS1) and fiber rich sediment (FRV1). This result indicates that mineral particles are preferentially resuspended, which was an unexpected finding.
Most metals could not be quantified in dissolved form (C dis ) in undisturbed or disturbed bottom waters, and DOC concentrations were in the same range between stations and sites. Re-suspension of the sediment caused the number of quantifiable dissolved metals in the bottom waters to decrease (Fig. 3) . It is possible that higher particle concentrations in the bottom water after re-suspension of fiberbank sediment (Tables 1ae1c) decrease dissolved metal concentrations due to the particle concentration effect, when a larger number of fine-grained particles with a large total surface area allows increased metal adsorption (Benoit and Rozan, 1999; O'Connor and Connolly, 1980) . On the other hand, two metals detected in the dissolved phase after re-suspension (Cr in FBV1 and Ni in M0062) occur at similar concentrations as in the undisturbed bottom water before the disturbance.
None of the metals detected in bottom water exceeds EQS established in the WFD. However, when comparing the measured concentrations to thresholds for ecological status (HVMFS 2013:19) , the bottom water from Sandviken fiberbank (FBS1) contains a dissolved Cu concentration that exceeds its threshold for bioavailable concentration in Baltic Sea conditions (0.87 mg L
À1
). In addition, the threshold of total concentration of Cr was exceeded in the bottom water in V€ aja after re-suspension. The reported LOQ for the analyses of As, Cu and Zn are higher than the assessment criteria thresholds and it is not possible to assess these elements in relation to the available criteria.
When comparing pore water and bottom water, the numbers and levels of dissolved metals in pore water were higher than in disturbed and undisturbed bottom water samples. Co was quantifiable in all pore water samples but below the LOQ in the bottom water samples. Dissolved Cr and Ni were frequently found in (undisturbed) bottom water samples. Concentrations of Ni were always higher in the pore water than in the bottom water (PW/BW ratio >1), indicating the potential for a diffusion-driven sedimentto-water flux. The PW/BW ratio was higher for the postglacial clay (5.6 for SedS and 4.7 for M0062) than for the fiberbank (2.5 for FBV1) or the fiber-rich sediment (1.1 for FRV1). These PW/BW ratios indicate that the potential for diffusion-driven transport of metals from sediments to the water column is largest in the postglacial clay, but may also indicate that there is less resistance to this transport in the fibrous sediment (leading to a more even PW/BW ratio). For Cr at FBV1, the PW/BW ratio is 0.9, thus not indicating a potential for sediment-to-water flux.
Conclusions
The Sandviken fiberbank contains concentrations of Cd, Cr, Hg Table A. 2. Values for US EPA are from Allison and Allison (2005) and values for As in the Baltic Sea are from Fauser et al. (2013). and Pb that are in the highest class of deviation from national background levels, whereas the V€ aja fiberbank contains relatively lower metal concentrations. As, Co and Ni, on the other hand, have maximum levels in the sediment at the offshore station, which is considered to be unaffected by point sources of pollution and their presence is probably related to higher concentrations in an adjacent sea basin. The pore water concentrations of dissolved metals were found to be very low or below LOQ and are not visibly reflecting the levels in the sediments. One explanation can be the formation and precipitation of relatively insoluble sulfides, which scavenge dissolved metal species, while another explanation is high metal sorption to this relatively organic rich sediment of anthropogenic, industrial origin. The pore water samples that contained the largest number of detectable metals also had the highest DOC concentrations. K D values indicate that the sorption of most metals to the sediment is stronger at the cellulose-rich V€ aja fiberbank than in the more wood-rich Sandviken fiberbank and the reference station. The different types of organic matter that characterize different fiberbanks can, therefore, influence the diffusiondriven dispersion of metals from them. Over time, the large quantities of organic material in the fiberbanks will be mineralized, which may alter pore water metal concentrations.
The increase of total metal concentrations in bottom waters caused by physical resuspension of fibrous sediments shows that physical disturbance by marine traffic, land uplift and submarine landslides is of environmental concern. Total Cr concentrations may reach levels where they lower the ecological status of the river basin water, and the dissolved concentration of Cu exceeds the bioavailable ecological status threshold even in undisturbed water from Sandviken fiberbank. In addition, there is potential for diffusive sediment-water flux, as demonstrated by PW/BW ratios above 1 for Ni, but resuspension of particle-bound metals appears to be the more significant dispersal pathway for metals from the studied fibrous sediments. Metals are components of wastewaters from kraft pulp production and it is therefore likely that they may be of environmental concern in recipients in other pulp producing countries in the world.
Table A1
Sediment sampling and pore water (PW) extraction were done at all stations, while bottom water (BW) samples were collected at one station at each fiberbank, fiber-rich sediment and reference site. Coordinates are presented in the Swedish Reference Frame 1999 (Transverse Mercator). In addition, water depth, salinity and dissolved oxygen (DO) are specified for each site. Missing data are expressed as "not determined" (n.d.). The BW samples include analyses of total and dissolved metals in disturbed and undisturbed water. Offshore site SE-2 was not sampled within the present study and, therefore, PW and BW are not available for this station. 
